Background-We investigated whether decreased myofilament calcium contractile activation may, in part, contribute to heart failure. Methods and Results-Calcium concentration required for 50% activation and Hill coefficient for fibers from nonfailing and failing human hearts at pH 7.1 were not different. Maximum calcium-activated force (F max ) was also not different. However, at pH 6.8 and 6.9, differences were seen in myofilament calcium activation between nonfailing and failing hearts. At lower pH, failing myocardium was shifted left on the calcium axis compared with nonfailing myocardium, which suggested an increase in myofilament calcium responsiveness. Increased inorganic phosphate concentration decreased maximal force development by 56% in nonfailing and 36% in failing myocardium and shifted the calcium-force relationship by 2.01Ϯ0.22 versus 0.86Ϯ0.13 mol/L, respectively (PϽ0.05). Addition of cAMP resulted in a 0.56 mol/L shift toward higher intracellular calcium concentrations in nonfailing myocardium and a 1.04 mol/L shift in failing myocardium. Protein kinase A in the presence of cAMP resulted in a further rightward shift in nonfailing human myocardium but did not further shift the calcium-force relationship in fibers from failing hearts. cGMP also resulted in a greater decrease in myofilament calcium sensitivity in fibers from failing hearts. Conclusions-We propose that changes at the level of the thin myofilaments result in differential responses to changes in the intracellular milieu in nonfailing versus failing myocardium.
O ne widely held hypothesis on the cause of contractile dysfunction in heart failure is that it is triggered by abnormal excitation-contraction coupling due to alterations in intracellular calcium availability and mobilization. [1] [2] [3] [4] [5] Myocardial contractility impairment at the level of the myocyte in the failed human heart remains controversial. 6 A more likely hypothesis with regard to the negative force-interval relationship seen at higher frequencies of contraction is a change in coupling of the sarcoplasmic reticulum with transsarcolemmal calcium influx. 3 Another hypothesis to explain depressed contractility seen in heart failure is a change in myofilament calcium responsiveness. 3, 7 Reduced calcium sensitivity or decreased cooperation between the thick and thin myofilaments could result in reduced contractile activation and force development. In human heart failure, myofilament calcium responsiveness has been reported to be both changed 8, 9 and unchanged. 10 Nevertheless, in human and experimental heart failure, several changes have been reported to occur. These include an isoform shift in troponin T (TnT) and a decrease in myosin light-chain kinase 2. 6, [11] [12] [13] These changes are believed to be partly responsible for a decrease in myofibrillar ATPase activity, 14, 15 a decreased cross-bridge cycling rate, 16 and an altered responsiveness to agents that act on the myofilaments. 6, 8, 17 Questions on the remodeling process are centered on the functional significance of a particular isoform population and altered distribution. Although changes in distribution of myosin isoforms occur with changes in cardiac workload, the myosin isoenzyme population does not always correlate with function. 18 The question arises as to whether thin-filament functional properties are altered during long-term changes in myocardial activity and hemodynamic load.
We have addressed the question of whether failure to demonstrate differences in contractile activation in failing human myocardium reflects experimental conditions and substrate concentrations under which experiments were performed. We compared and examined effects of cAMP and protein kinase A (PKA), cGMP, acidosis, and inorganic phosphate in nonfailing and failing human myocardial fibers.
Methods

Human Hearts
Human tissues were obtained from 21 hearts (10 idiopathic dilated and 11 ischemic cardiomyopathic). Nonfailing human myocardium was obtained from 20 brain-dead human donors. No clinical or echocardiographic evidence indicated left ventricular dysfunction in tissue from any subjects.
Skinned-Fiber Preparations
Muscle strips of uniform size were dissected. A modified KrebsHenseleit solution was used to bathe the strips. Muscles were stretched until no further increase occurred in active twitch force. Preparations were electrically paced. Electrical stimulus was turned off, and bath temperature was lowered to 22°C.
Fibers were exposed to a skinning solution that contained 250 g/mL saponin at pH 7.1 as previously described. 8 Total salt concentrations and absolute stability constants used to calculate compositions of the solutions were as reported by Fabiato. 19 Interventions were performed on the skinned fiber preparations throughout a series of calcium activations: (1) changes in pH (ie, 7.1, 6.9, and 6.8); (2) addition of 15 mmol/L inorganic phosphate; (3) addition of 10 mol/L dibutyryl cAMP (D-cAMP), with or without PKA; and (4) addition of 10 mol/L 8-bromo-cGMP. To examine the effects of exogenous cAMP-dependent PKA, we added 1 mg/mL PKA in the presence of D-cAMP to the activating solutions at each pCa. Force versus [Ca 2ϩ ] was fitted to the modified Hill equation. 8
Materials
All chemicals were obtained from Sigma Chemical Co and were of the highest analytical grade.
Statistics
Data shown are meanϮSEM. Calcium-force relationships were fitted individually to the Hill equation, and parameters were then pooled. Hill parameters were tested for statistical significance with ANOVA. PϽ0.05 was required for statistical significance. Figure 1 shows effects of decreases in pH (7.1, 6.9, and 6.8) on calcium-force relationships in nonfailing and failing myocardium. At pH 7.1, no difference was seen in the calciumforce relationship between nonfailing and failing myocardium (Table 1 and Figure 1A ). Maximal calcium-activated forces for nonfailing and failing groups were not significantly different at pH 7. Figure 2B ), which reveals a difference in myofilament calcium activation at pH 6.9 between nonfailing and failing myocardium ( Figure 1B and 1C) . Further decreases in pH to 6.8 shifted the calcium-force relationship toward higher [Ca 2ϩ ] (by 1.22Ϯ0.42 mol/L) compared with the calcium concentration required for 50% activation ([Ca 2ϩ ] 50% ) at pH 7.1 ( Figure 1C ). Maximal calcium-activated force was not different at pH 7.1 or 6.9 in nonfailing and failing myocardium. However, at pH 6.8, a lower maximal calcium-activated force occurred in fibers from failing hearts at the same pH ( Figure 2B ).
Results
Effects of pH on Ventricular Myocardium From Nonfailing and Failing Human Hearts
Ratio of ⌬p [Ca 50% ]/⌬pH was 5.15 (pH 7.1 to 6.9) and 7.20 (pH 7.1 to 6.8) for fibers from nonfailing hearts and 2.30 (pH 7.1 to 6.9) and 4.10 (pH 7.1 to 6.8) for fibers from failing hearts. Results show that fibers from failing hearts are more resistant to changes in pH (ie, acidosis) compared with nonfailing fibers.
Effect of Increases in Inorganic Phosphate Concentration in Nonfailing and Failing Human Myocardium
Addition of inorganic phosphate shifted nonfailing myocardium to higher [Ca 2ϩ ], with a larger reduction in maximal calcium-activated force ( Table 2) . Effects of 15 mmol/L phosphate on the calcium-force relationships are depicted in Figure 3 , which shows an increase in [Ca 2ϩ ] 50% of 2.01Ϯ0.22 mol/L in nonfailing and of 0.86Ϯ0.13 mol/L in failing myocardium (PϽ0.05 compared with nonfailing myocardium). With 15 mmol/L inorganic phosphate, maximal Ca 2ϩ -activated force (F max ) was decreased by 56Ϯ4% versus 34Ϯ2% for nonfailing versus failing myocardium (PϽ0.05 compared with nonfailing myocardium).
Effect of cAMP and PKA in Nonfailing and Failing Human Myocardium
As shown in Table 3 and Figure 4 , in the presence of 10 mol/L cAMP, force was shifted toward higher [Ca 2ϩ ], from 1.03Ϯ0.09 to 1.59Ϯ0.11 mol (change, 0.56 mol) compared with 0.91Ϯ0.08 to 1.95Ϯ0.06 mol (change, 1.04 mol) for nonfailing and failing myocardium, respectively. Because the results presented above can be due to different amounts of endogenous protein kinase A (PKA) in nonfailing and failing myocardial skinned-fiber preparations, we added 1 mg/mL of PKA in the presence of cAMP ( Table  3) . As shown in Figure 4A , in the presence of 10 mol/L cAMP, addition of PKA resulted in a further rightward shift to 1.93Ϯ0.13 mol in nonfailing myocardium when compared with [Ca 2ϩ ] 50% in the presence of cAMP alone (change, 0.34 mol). In contrast, addition of PKA to failing myocardium did not further shift the calcium-force relationship ( Figure 4B ). As shown in Table 3 , addition of cAMP or PKA did not affect F max or the Hill coefficient.
Effect of cGMP in Nonfailing and Failing Human Myocardium
Studies have suggested that myocardial cGMP may play a role in regulation of myocardial contraction and relaxation. 20 cGMP did not change myofilament cooperativity of Hill coefficient or F max ( Figure 5 ). However, it did result in a rightward shift to higher [Ca 2ϩ ] i (change of 0.2 mol/L) in nonfailing myocardium (Table 4) . In failing myocardium, 10 mol/L cGMP resulted in a greater decrease in myofilament calcium sensitivity and a shift to higher [Ca 2ϩ ] i (change of 0.45 mol/L). The greater shift on the calcium axis seen in failing myocardium was not significantly different from the change in [Ca 2ϩ ] 50% in nonfailing myocardium.
Discussion
Mechanisms of depressed contractile function in heart failure are presently unknown, but they probably involve alterations in calcium handling and myofilament function. However, it is unknown how or to what degree these alterations in cellular processes contribute to the decline of in vivo cardiac pump function seen clinically.
Experimental animal data have consistently demonstrated depressed myocyte function in failing hearts. The shift in the force-interval relationship seen at higher stimulation rates has been suggested to be associated with a change in myofilament calcium responsiveness due to the accumulation of inhibiting products such as hydrogen ions or inorganic phosphate or altered coupling between transsarcolemmal calcium influx and sarcoplasmic reticulum calcium release. 3, 7 Heart failure is associated with changes in the distribution and content of contractile proteins. [11] [12] [13] 21, 22 Investigators also have found decreased myocardial myofibrillar ATPase activity in failing human heart. 6, 14, 15 In failing human hearts, ␤-myosin heavy chain and levels of ␤-myosin heavy-chain mRNA are unchanged, 23 a finding consistent with the present results with similar F max . Hence, alterations in other contractile proteins probably play a role in determination of the contractile properties of failing human myocardium. Several observations support this hypothesis. Recent reports have shown increased expression of a fetal cardiac isoform of TnT in human heart failure. 11, 13 Furthermore, investigators have shown that shifts in TnT isoform expression correlate with changes in the calcium responsiveness of the myofilaments. 18, 24 Margossian et al 12 reported a marked decrease in myosin light-chain content in human heart failure, whereas others have demonstrated an increase in the atrial form of myosin light chain-1. Morano et al 25 have shown that alterations in myosin light chain-actin interaction can have a profound effect on tension development and calcium responsiveness. Thus, changes in myosin light chain in heart failure may be of functional consequence for contractile activation. Changes in myofilament calcium sensitivity that we observed in response to pH, inorganic phosphate, cAMP, and cGMP are probably achieved through different mechanisms. Our findings at pH 7.1 are also similar to most models of hypertrophy studied, which demonstrate similar calciumforce relationships. 26, 27 Our experiments showed that reduction of pH from 7.1 to 6.8 decreased sensitivity to [Ca 2ϩ ] i without affecting F max . However, at a lower pH, 6.8, fibers from failing hearts demonstrated a significant decrease. At more acidic pH, we found, similar to results in skinned ventricular fibers from cardiomyopathic hamsters, that the calcium-force relationship for failing myocardium was shifted to the left on the calcium axis, which indicated an increased sensitivity of the myofilaments to calcium. 27 Hydrogen-ion concentration decreases affinity of troponin C (TnC) for calcium. Therefore, the decrease in F max seen in failing myocardium at pH 6.8 and smaller shifts in myofilament calcium sensitivity suggest adaptive changes at the level of TnC. We recently reported 2 missense point mutations in TnC in failing myocardium that result in a decrease in myofilament calcium sensitivity. 28 This suggests that differences in calcium activation may reside at the level of TnC.
Inorganic phosphate greatly inhibits the F max in skinned fibers. 29, 30 Kentish 31 reported both depressant effects and desensitization of the myofilaments in the presence of inorganic phosphate. Our results correlate well with the decrease in F max and decreased sensitivity of the myofilaments to calcium in response to 15 mmol/L phosphate. F max can decrease as a result of uncoupling of cross-bridges. 32 Inorganic phosphate increases the population of weak cross-bridges and results in a decrease in F max and a rightward shift on the calcium axis. In failing hearts, greater inhibition and reduction in force would be expected to be present. However, in myocardium from failing hearts with reduced myofibrillar ATPase activity, inhibitory effects might be overridden under conditions of prolonged cross-bridge attachment. Therefore, under these conditions, the effect of inorganic phosphate should be reduced.
Changes in cross-bridge cycling rate have been shown to shift the calcium-force relationship. 33, 34 We have previously shown that myocardium from failing hearts has a slower cross-bridge cycling rate. 16 Slowing of the cross-bridge cycling rate results in a leftward shift in the calcium-axis due to longer TnC calcium interactions. This might explain why inorganic phosphate had a lesser effect on the F max and a lesser shift to higher calcium concentrations in failing myocardium. Longer TnC-calcium interactions in failing myocardium should also result in a lesser shift to higher [Ca 2ϩ ] i with lowering of intracellular pH, which is supported by our experimental observations.
Whether contractile protein phosphorylation is altered in vivo in heart failure, as suggested for other regulatory 
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proteins (eg, phospholamban), is unknown. 35 To account for varying levels of contractile protein phosphorylation, we applied protein kinase to maximally phosphorylate the contractile proteins. However, it is possible that maximal phosphorylation might mask (by saturation) potential intrinsic alterations in contractile function induced by heart failure. We attempted to resolve this issue by studying both the native state and saturated levels. Presence of cAMP caused a decrease in sensitivity of the myofilaments in both nonfailing and failing fibers. One explanation is that cAMP, in the presence of native PKA, induced phosphorylation of troponin I (TnI). In the presence of cAMP, muscles from failing hearts exhibited a greater shift to higher [Ca 2ϩ ] i than that seen in nonfailing myocardium. This indicates either changes in the composition or activation of TnI or differing amounts of PKA. However, no isoforms of TnI have been identified in failing human myocardium. 36, 37 PKA content has not been reported to be different between nonfailing and failing myocardium. 38 A more likely explanation is that the level of phosphorylation in failing fibers is lower than in nonfailing myocardium, as is similarly seen for phospholamban Ser-16 35 and Threo-17. Failing human myocardium has been reported to have lower concentrations of intracellular cAMP. 39 In support of this concept, addition of cAMP-dependent PKA in the presence of cAMP did not cause a significant shift to the right on the calcium axis in myocardium from failing hearts. Shifts seen in nonfailing myocardium in the presence of both cAMP and PKA were similar to the shift seen in failing fibers with cAMP alone.
Although experimental conditions were the same between nonfailing and failing tissues, differences in the activation of TnI remain a possible explanation. If different phosphorylation levels existed, addition of cAMP-dependent PKA in the nonfailing muscles should have shifted the calcium-force relationship to the right by as much as in the failing fibers unless changes occurred in the structure or function of TnI. This is concurrent with the present experimental results.
TnT populations have been shown to affect myofilament calcium responsiveness. However, PKA has a higher affinity for phosphorylation of TnI compared with TnT. Current concepts indicate that TnI promotes a "closed state" in which cross-bridges interact with the thin filament but in a weak non-force-generating reaction. Phosphorylation at the PKA sites of TnI appears to reduce the affinity of cross-bridges for the thin filament. Lesser phosphorylation may reflect differences in the amount of light chain-2 that result in stiffer cross-bridges or a stronger calcium-regulated binding state in failing myocardium. This explains the reduced myofilament responsiveness to changes in pH and inorganic phosphate.
Protein kinase C is the only kinase known to phosphorylate both cardiac TnI and TnT in vitro. 40 However, we previously reported that protein kinase C activation resulted in a rightward shift on the calcium axis and a decrease in F max . 17 Decreased F max and change in the Hill coefficient suggests phosphorylation of TnT. 17 Failing human tissues have been shown to express 2 TnT isoforms and were less affected by protein kinase C activation. Both TnT and TnI have Ն2 phosphorylation sites. 40 Therefore, our present data suggest that phosphorylation of the 2 TnT isoforms cannot explain the observed changes in myofilament calcium-activation seen with cAMP and PKA. However, differences at phosphorylation sites of TnI could explain our experimental observations. cGMP stimulates cAMP-dependent phosphodiesterase, which results in an increase in cAMP hydrolysis. cGMP activation of cGMP-protein kinase results in phosphorylation of TnI and should result in a decrease in myofilament calcium responsiveness. If, as proposed, failing myocardium has significantly less cAMP, then a lesser inhibitory effect would have been expected for the cGMP-induced rightward shift on the calcium axis. Our data support this hypothesis in that cGMP shifted the calcium-force relationship by 0.2 mol/L in nonfailing myocardium and by 0.45 mol/L in failing myocardium.
In conclusion, thin myofilament regulation clearly can affect force development. Although differences in experimental findings have been reported by investigators who used agents targeted at myofilament calcium sensitivity, 8, 41 we propose that adaptational changes may not always be detected by standard steady-state calcium-force relationship determinations. Differences in isotype, structural interaction, phosphorylation level, or intracellular milieu may alter apparent myofibrillar calcium responsiveness in human myocardium.
